Cilia are microtubule-based protrusions of the plasma membrane found on most eukaryotic cells. Their assembly is mediated through the conserved intraflagellar transport mechanism. One class of motor proteins involved in intraflagellar transport, kinesin-2, is unique among kinesin motors in that some of its members are composed of two distinct polypeptides. However, the biological reason for heterodimerization has remained elusive. Here we provide several interdependent reasons for the heterodimerization of the kinesin-2 motor KLP11/KLP20 of Caenorhabditis elegans cilia. One motor domain is unprocessive as a homodimer, but heterodimerization with a processive partner generates processivity. The "unprocessive" subunit is kept in this partnership as it mediates an asymmetric autoregulation of the motor activity. Finally, heterodimerization is necessary to bind KAP1, the in vivo link between motor and cargo. molecular motors | optical tweezers | single molecule M olecular motors that transport cargo unidirectionally on microtubules or actin filaments over long distances without dissociating are termed processive. Paradigms of processive motors are actin-associated myosin Vand microtubule-associated conventional kinesin-1 (1, 2) . Both are homodimeric molecules in which two N-terminal motor domains (usually referred to as head domains) are linked via an extended C-terminal coiled-coil region. According to a generally accepted tenet, movement of single motors for hundreds of consecutive steps indeed requires such dimerization of two motor domains. Two main features emerged over the past decades to explain processivity of homodimeric motors. First, each motor domain remains strongly bound to its track for at least half of its ATPase cycle (3, 4) . Second, the two identical heads of the dimer are thought to keep their ATPase cycles out of phase via a strain-dependent communication to prevent both heads from dissociating simultaneously from the track (3, 4) .
The kinesin-2 family of molecular motors presents an interesting case because in addition to canonical homodimeric members, some are composed of two nonidentical heavy chains, forming heterodimers (5) . Many of the representatives in the kinesin-2 family are involved in a highly conserved transport mechanism, termed intraflagellar transport (IFT) that is almost universally responsible for the formation and maintenance of cilia and flagella in eukaryotes (6) . Materials destined for the ciliary tip are assembled at the base of the cilium into large rafts, which are moved to the tip by kinesin-2. Retrograde transport toward the base is powered in a similar fashion by dynein (7, 8) .
In the Caenorhabditis elegans sensory cilium, the kinesin-like protein 11 (KLP11) and kinesin-like protein 20 (KLP20) heterodimerize to comprise a molecular motor with two distinct Nterminal catalytic motor domains (9) (10) (11) . A third protein, termed kinesin-associated protein 1 (KAP1), is thought to provide the physical link between the C terminus of the heterodimeric motor protein and the IFT particle (12) . The KAP1 subunit has no effects on the motor's kinetic properties (13) . Interest in the ciliary transport mechanism has surged since the discovery that defects in IFT are linked to a wide range of human diseases such as Bardet-Biedl syndrome and polycystic kidney disease (14, 15) .
Kinesin-2 apparently coevolved with the ciliary machinery (16, 17) . However, the evolutionary advantage of combining two different motor proteins is not yet fully understood. Moreover, depending on their origin, heteromeric kinesins seem to differ dramatically in their kinetic behavior; e.g., the ciliary sea urchin kinesin-2 is an unprocessive motor, whereas in the mouse kinesin-2 (a motor that is no longer confined only to cilia but is also found in the cytoplasm) both head domains are processive as shown with homodimeric chimeras (18, 19) .
Here we mechanistically dissect the C. elegans ciliary motor protein KLP11/KLP20 using biochemical and single-molecule assays. We present insight into the fundamental mechanistic properties of KLP11/KLP20 and provide a biological rationale for heterodimerization. We identify a motif in the KLP11/KLP20 tail that when mutated leads to a constitutively active motor in vitro. This autoinhibitory switch functions only when the motor heads are in their correct wild-type positions. We demonstrate that to obtain the heterotrimeric KLP11/KLP20/KAP1 complex that forms in vivo, the two distinct motor subunits need to be present; neither the KLP11 nor the KLP20 polypeptide chain alone bind the KAP1 subunit in vitro. The most intriguing finding, however, is that one of the motors is mechanically unprocessive as a "homodimer." Remarkably, the same subunit yields a robustly processive motor when dimerized with its partner. The KLP11/ KLP20 heterodimeric kinesin-2 thus extends prior models of processivity that were based solely on studies of native homodimeric motor proteins.
Results
Overview of Constructs and Experimental Methods. We have generated a series of constructs to disentangle the kinetic properties of the individual KLP11 and KLP20 polypeptide chains within the KLP11/KLP20 heterodimer and to ultimately provide a biological rationale for the heterodimerization in C. elegans kinesin-2. Fig. 1 summarizes the design of the constructs and gives an overview of the experiments these constructs were subjected to. Most kinesins are autoinhibited by their C-terminal tail domain, which folds back onto the catalytic heads. This autoinhibition can be relieved by introducing point mutations in the so-called kink region of the tail domain. To probe for the presence of such an autoregulatory mechanism in KLP11/KLP20, we introduced mutations in the tail domains of the KLP11 and the KLP20 polypeptide chains (20) . Moreover, we designed chimeras with splice sites between the head and the tail domains (18) , resulting in heterodimeric constructs with identical head domains, or constructs whose head domains are swapped compared to the wild type. These chimeras allowed us to dissect the significance of KLP11 and KLP20 for autoinhibition and processivity in C. elegans kinesin-2.
C. elegans KLP11/KLP20 Is a Processive Motor. We first assessed whether KLP11/KLP20 is capable of moving processively along microtubules. We employed two single-molecule assays, one capable of detecting processive movement at saturating ATP and one at subsaturating ATP concentrations. In the former assay, motors are attached to polystyrene beads, and the fraction of moving beads is determined as a function of motor-to-bead ratio in an optical trap. Briefly, polystyrene beads coated with decreasing amounts of motors are trapped in a focused laser beam and maneuvered close to surface-attached microtubules ( Fig. 2A Left) . Motors on the bead surface bind to the microtubule track, move the bead out of the trap focus, and are repeatedly pulled back into focus when the motor releases from its track. Such movements are generally referred to as "walking" events. At single-molecule level, the number of such walks in a defined time frame provides a direct readout on the motor's activity and is henceforth termed "single-molecule walking frequency" (SMWF) (Fig. 2A Left) .
The fraction of moving beads as a function of motor density is fit to a Poisson distribution to determine if a single motor protein is sufficient to move the bead (2) . Fig. 2B demonstrates that motor activity of wild-type KLP11/KLP20 is best fit to a model in which bead motility is the result of the activity of a single kinesin molecule, providing strong evidence for processivity. In the second single-molecule assay, we tested processivity at subsaturating ATP concentrations. With subsaturating ATP, the consecutive stepping of a processive motor is sufficiently slow to be directly visualized with nanometer precision using an optical trap ( Fig. 2A  Right) . In the single-molecule regime, i.e., at limiting motor-tobead ratios, multiple steps of 8 nm were revealed, providing direct proof for processive motion of the wild-type KLP11/KLP20 heterodimer (Fig. 2C ).
KLP11/KLP20 Is Autoinhibited by Its Tail Domain. Collection of the data described above proved to be difficult due to the low SMWFs displayed by the wild-type KLP11/KLP20 motor. We hypothesized that this might be due to autoinhibitory folding of the tail domain onto the motor domain. A number of kinesins use regulatory folding in the so-called kink region to prevent futile ATP hydrolysis (20) (21) (22) (23) (24) . This autoinhibition is thought to be relieved when the tail domain of the motor binds to its cargo in vivo or in vitro (20, (25) (26) (27) (28) . Cargo binding most likely causes a large conformational change in the molecule leading to a more extended conformation. Such folded and extended conformations of the heterodimeric sea urchin ciliary kinesin-2 and other kinesin molecules have been directly visualized in electron micrographs (29) (30) (31) . This tail inhibition can be prevented by introducing mutations in the kink that presumably force formation of an extended coiled coil, as shown for the kinesin-1 motors or the homodimeric Osm3, the partner kinesin-2 motor of C. elegans (20, 32, 33) . Coiled-coil prediction programs indeed detect a discontinuity in the probability to form a coiled coil at a location in the KLP11/KLP20 proteins analogous to that of the Osm3 motor (34) . We therefore introduced mutations aimed at generating continuous coiled coils in both KLP11 and KLP20 (G451E, S452E for KLP11, and G444E, G445E for KLP20). The resulting construct, designated KLP11 EE ∕KLP20 EE , demonstrates a dramatic increase in SMWF compared to the wild-type KLP11/ KLP20 motor (Fig. 2D ). As the wild-type KLP11/KLP20 protein, KLP11 EE ∕KLP20 EE moves processively on microtubules (Fig. S1 ). We conclude that the wild-type KLP11/KLP20 protein is autoinhibited and that mutations at the kink relieve autoinhibition.
KLP11/KLP20 Is Not a Conspicuous Limper. The KLP11/KLP20 protein combines two different polypeptide chains to one doubleheaded motor. If one subunit were a significantly faster motor than the other, one might expect that the motor "limps." Such limping would become evident from alternating short and long dwells between steps. The single-molecule stepping traces did not reveal any conspicuous limping of the KLP11 and KLP20 motor domain combinations (Fig. S2A) . A quantitative analysis confirmed this notion. We quantified the observed degree of limping from the dwell times as previously described and compared the measured degree of limping in our traces with a dataset obtained from simulated stepping traces (35) . The quantitative treatment of the stepping traces of KLP11 and KLP20 is consistent with no or only a modest amount of limping. The analysis provides an upper limit of a factor of 2 to 3 for the difference in the stepping rates. This contrasts with an artificial kinesin-1 heterodimer displaying a limping factor of at least 10 caused by a point mutation in one catalytic head (36) . Notably, the corresponding homodimeric kinesin-1 with both heads containing the point mutation was unprocessive. The small limping factor of KLP11/KLP20 indicates that neither subunit is an exceptionally faster motor subunit. The occurrence of moderate limping in some traces could be indicative of a residual kinetic difference between the subunits or simply point to an artifact introduced by the assay. Limping has in fact been observed also for conventional, homodimeric kinesin-1. The degree of limping was strongly affected by the magnitude of the vertical force acting on the motor and was influenced, e.g., by the length of the stalk (37) . In our assays, motors are unspecifically attached to beads. We suspect that traces displaying a moderate degree of limping possibly result from motors that are attached to the beads with a longer portion of their stalks.
Dissection of KLP11/KLP20's Processivity. The question why nature combined two different polypeptide chains to create a heterodimeric motor specifically for ciliary function early in the evolution is intriguing (16, 17) . To dissect the contribution of the individual heads to the overall processivity in the wild-type KLP11/KLP20 motor, we expressed chimeras containing two identical heads. As judged by native size-exclusion chromatography, neither KLP11 nor KLP20 polypeptide chains are capable of forming homodimers. Two KLP11 heads or two KLP20 heads along with their native neck linkers were therefore fused to the heterodimeric tail (Fig. 1) , which ensures reliable dimerization (9) . We designated these chimeric constructs as KLP11/11 or KLP20/20 to stress the presence of two identical heads. To test if these constructs are autoinhibited, both wild-type and constitutively active heterodimeric tails were used. We also generated a double-chimeric motor in which the head domains were swapped (henceforth termed KLP20∕11 sw ) to determine if domain swapping had deleterious effects per se (Fig. 1) .
We first assessed whether the chimeric constructs retained the ability to move beads in a processive fashion. KLP20/20 chimera indeed showed processive movement (Fig. S3A) and single molecules displayed multiple 8-nm steps under subsaturating ATP conditions (Fig. 3A) . However, although capable of moving beads at saturating ATP concentrations and high motor-to-bead ratios, the KLP11/11 chimera with the wild-type tail was unable to support processive movement at limiting motor-to-bead ratios (Fig. 3B and Fig. S4 ). This contrasts with equivalent constructs of mouse kinesin-2 where the homodimers are reported to be processive (18) . Importantly, also the constitutively active KLP11 EE ∕11 EE chimera did not show signs of processive movement ruling out the possibility that KLP11/11 is simply autoinhibited by its wild-type tail (Fig. S4) .
In principle, fusion of the KLP11 head to the KLP20 tail domain could yield a nonfunctional junction in the KLP11/11 chimera. The KLP20∕11 sw double chimera contains the same chimeric polypeptide chain with the identical junction and thus allows us to directly test that possibility. We have probed the activity of this double chimera at the multiple-motor level using gliding assays and at the single-motor level in the optical trap. In gliding assays, surface-attached kinesins move fluorescently labeled microtubule filaments in an ATP-dependent manner. Active motors on the surface propel microtubule filaments continuously and smoothly, without any interruptions in their movement. Such assays allow the determination and quantitative comparison of motors' velocities at multiple-motor level. The observed velocities of multiple KLP20∕11 sw motors were quantitatively similar to those of wild-type KLP11/KLP20 and both motors displayed robust gliding of microtubule filaments (Fig. S5 and Movies S1-S4), providing evidence for the integrity of the chosen junction. Likewise, no difference between the wild-type motor and the double chimera was discernible at the single-molecule level. Using the optical trap, we resolved consecutive 8-nm steps at limiting motor-to-bead ratios (Fig. 3A and Fig. S3B ). We conclude that the transplantation of the heads has no deleterious effects per se. We excluded trivial explanations for the lack of processivity of the KLP11/11 chimera, such as protein aggregation or dissociation into monomers using size-exclusion chromatography coupled to multiple angle light scattering (MALS). All constructs were nonaggregated and had molecular weights consistent only with dimers (Fig. S6) . Furthermore, all chimeras displayed robust motility in multiple-motor gliding assays revealing that the microtubule-activated ATPase of the constructs is undisturbed (Movies S3-S8). All chimeric constructs moved microtubules at wild-type velocities except the KLP11/11 chimera, which displayed half of the wild-type velocity (Fig. S5) . In summary, all constructs are active dimers, and both the KLP20/20 chimera and the KLP20∕11 sw double chimera are processive, whereas KLP11/11 is not.
Does the KLP11 Subunit Shorten the Processive Run Length of the KLP20 Subunit? We directly contrasted the single-molecule run length distributions of the KLP20 EE ∕20 EE chimera and the KLP11 EE ∕KLP20 EE to assess if the presence of the unprocessive KLP11 subunit curtails the length of the processive runs of the KLP20 subunit. Both motors are equivalent in the average distance they travel on the microtubule filament, providing further evidence that the KLP11 subunit fully supports processive stepping when paired with the KLP20 subunit (Fig. 4) .
Kinetic Properties of the KLP11 and KLP20 Heads. The gliding filament assays demonstrate that the combination of two KLP11 heads yields a slow motor. In contrast, all other head domain combinations move microtubules at wild-type velocities (Fig. S5) . To test if the kinetic differences are inherent to the respective heads or arise from dimerization, we further dissected the kinetic properties of the dimeric full-length constructs along with monomeric head domains (including their respective neck linkers) in microtubule-activated ATPase assays. The steady-state kinetic properties of the isolated monomeric head domains are equivalent in their microtubule-binding properties (K M ) and their maximum ATP hydrolysis rates (k cat ) (Fig. S7A) . The kinetic equivalence of the free head domains is significant as it demonstrates that the unconstrained KLP11 head domain is capable of turning over ATP at speeds similar to the unconstrained KLP20 Fig. 3 . Two KLP11 motor domains paired with each other cannot coordinate to support processive stepping. (A) The KLP20/20 chimera (Upper Trace) and the double-chimeric KLP20∕11 sw (Lower Trace) take multiple steps at subsaturating ATP. Gaussian fits to step size histograms reveal an ð8.28 AE 0.26Þ nm (mean AE SEM) step size for KLP20/20 (N ¼ 55) and ð8.14 AE 0.13Þ nm (meanAE SEM) for KLP20∕11 sw (N ¼ 145). (B) Also at saturating ATP (2 mM) single molecules of KLP20/20 (blue) and KLP20∕11 sw (gray) initiate processive runs in stark contrast to the KLP11/11 chimera (red) which only rarely generated a detectable signal. Note that the junction between the KLP11 head and the KLP20 tail domain in the chimera is functional as the double-chimeric protein KLP20∕11 sw shows robust processivity. Fig. 4 . Run-length distributions of the KLP11 and KLP20 vs. the KLP20 and KLP20 head combination under constant force. At single-molecule level, run lengths of the KLP11 EE ∕KLP20 EE (A) and the KLP20 EE ∕20 EE (B) motors were measured at low (Left, 2 pN and 1.7 pN, respectively) and at high forces (Right, 4 pN and 3.7 pN, respectively) under saturating ATP conditions (2 mM). Values are average run lengths (AESEM). Despite the presence of an unprocessive KLP11 subunit, the average run length of the KLP11 and KLP20 head domain combination is equivalent to the combination of two KLP20 head domains. head. To interrogate the effects of dimerization on the ATP turnover, we assayed all possible combinations of these head domains in the context of the full-length protein. To avoid artifacts caused by autoinhibition, we assayed all full-length constructs in the context of the constitutively active tail domains to obtain the maximum hydrolysis rates possible. All constructs hydrolyzed ATP at similar rates with the exception of KLP11 EE ∕11 EE whose maximum ATP turnover rate was approximately three times lower (Fig. S7B) . The steady-state turnover rates thus demonstrate that it is the combination of two KLP11 heads that leads to a suppressed ATPase activity, which is then relieved if KLP11 is combined with the KLP20 head. It is particularly noteworthy that the double chimera KLP20 EE ∕11 EE;sw , in which the head domains are swapped, and the KLP11 EE ∕11 EE chimera have distinct enzymatic activities although the same "slow" subunit (the KLP11 head fused to the KLP20 EE tail) is present in both. In the KLP20 EE ∕11 EE;sw , this subunit does not curtail the ATPase activity but indeed fully supports the enzymatic activity at wild-type levels (Fig. S7B) . This behavior bears qualitative resemblance to our single-molecule data, where the KLP11/11 chimera cannot support processive runs. Yet the double-chimera KLP20∕11 sw , which contains the exact same chimeric KLP11 head/KLP20-tail polypeptide, fully supports processive stepping at wild-type levels. We conclude that even though the enzymatic properties of the motor domains alone are equivalent, KLP11 exhibits different kinetic properties in a dimeric context depending on the identity of its partner head.
Requirements for Heterotrimerization. We hypothesized that heterodimerization could be important for binding of KAP1, the protein that is proposed to physically attach the KLP11/KLP20 motor to its IFT cargo. To test this hypothesis we performed pull-down experiments with wild-type KLP11, KLP20, and KAP1 subunits. When KAP1 was coexpressed with KLP11 as well as KLP20 in insect cells using the Baculovirus expression system, the heterotrimeric complex was purified via the Flag tag at the C terminus of KLP11. To test which subunit is responsible for KAP1 binding, KAP1 was coexpressed with either KLP11 or KPL20. Immunoprecipitation of KLP11 or KLP20 via their C-terminal Flag tag demonstrated that neither polypeptide could coprecipitate KAP1 (Fig. S8A) . The heterotrimeric complex is coprecipitated efficiently regardless of which of the three subunits is Flag tagged (Fig. S8B) ruling out a possible interference of the C-terminal Flag tag with the KAP1 subunit. We conclude that the presence of both polypeptide chains is essential to form the heterotrimeric KLP11/KLP20/KAP1 complex.
Requirements for Autoinhibition in KLP11/KLP20. The chimeric constructs allow us to determine whether both heads are similarly affected by autoinhibition (Fig. 2D ) or whether the identity or the location of the heads relative to the heterodimeric tail is important. Surprisingly, the SMWFs of the homodimeric chimera KLP20/20 and the heterodimeric double-chimera KLP20∕11 sw were indistinguishable from the constitutively active KLP11 EE ∕ KLP20 EE motor (Figs. 5A and 3B ). These data demonstrate that for autoinhibition to be effective, the KLP11 motor domain must be joined to its proper KLP11 tail, as the double-chimera KLP20∕11 sw , where the KLP11 motor domain is present but attached to the "wrong" tail, fails to show autoinhibition. Thus regulation of the native heterodimer is asymmetric and depends on correct positioning of the KLP11 motor domain.
We tested predictions of the asymmetric inhibition model in independent microtubule-activated ATPase bulk assays. The model predicts that the ATPase activity of the wild-type protein with the wild-type tail domain free in solution is suppressed and that simply switching the heads would restore the activity. In contrast, switching the heads in the context of the constitutively active tails would be expected not to affect ATP hydrolysis because these constructs are not autoinhibited. We demonstrated above that the latter prediction is met (Fig. S7B) . Fig. 5B now shows that also the former prediction holds true: The suppression of the ATPase activity in the wild-type protein is relieved by merely switching the positions of the heads.
Discussion
What does it take to be processive? Our single-molecule analysis demonstrates that processivity can also be brought about by two kinetically nonequivalent polypeptide chains in nature: a motor subunit that is robustly processive when "homodimeric" (KLP20/ 20) paired up with a motor that is mechanically unprocessive as a "homodimer" (KLP11/11) is capable of robust processive movement by taking alternate, equivalent steps (Fig. S9A) . This is demonstrated for both the wild-type KLP11/KLP20 heterodimer and the artificial KLP20∕11 sw double chimera (Figs. 2C and 3A) . Remarkably, in these contexts KLP11 does not behave as a "millstone around the neck" of KLP20 that curtails its activity, unlike dimeric kinesin-1 with one mutated motor domain (36) . On the contrary, when paired up with KLP20, KLP11 turns into an equivalent partner that fully supports processive behavior without affecting the run lengths (Fig. 4) .
Why is only the KLP11/11 chimera incapable of walking processively? So far all native homodimeric processive motors, myosins as well as kinesin, were shown to walk according to the hand-over-hand model where the positions of the two heads alternate with each step (38) (39) (40) (41) . Perhaps the KLP11 heads in the dimeric context cannot freely swing past each other due to steric reasons, or due to a direct inhibitory interaction of two KLP11 heads. Severing the heads off their tail domain would relieve this Autoinhibition by the tail domain is asymmetric and is mediated through the KLP11 head. At the single-molecule level, the autoinhibited wild-type KLP11/KLP20 displays a SMWF that is sixfold lower than the constitutively active KLP11 EE ∕KLP20 EE motor. The SMWFs of KLP20/20 and KLP20∕11 sw are quantitatively the same as that of KLP11 EE ∕KLP20 EE , suggesting that autoinhibition is possible only if both KLP11 and KLP20 heads are present and are attached to their wild-type tails. (B) Switching on the motor by switching the motor domains. The suppressed ATPase of wild-type KLP11/ KLP20 heterodimer is relieved in the KLP20∕11 sw chimera with swapped head domains. As predicted from our single-molecule data, the ATPase activity of the wild-type KLP11/KLP20 is suppressed in solution (k cat ¼ 1.8 s −1 , K M ¼ 19 μM for KLP11/KLP20). Remarkably, switching the positions of the heads is sufficient to relieve this suppression (k cat ¼ 11.
inhibition, explaining the equivalent ATPase kinetics of the isolated KLP11 and KLP20 monomeric head domains (Fig. S7A) . Moreover, the model would readily explain why the KLP11 head domain does not curtail the ATPase activity and processivity in the wild-type or the double-chimeric motor. A built-in crossinhibitory feature of the KLP11 subunit might have assisted nature to evolve a heterodimeric motor.
What is the purpose of an "unprocessive" subunit in a transport motor? Our mechanistic analysis offers an explanation. First, both KLP11 and KLP20 polypeptide chains need to be present to effectively bind the KAP1 subunit, the proposed protein linker of the motor to its IFTcargo in vivo. Second, and more importantly, the wild-type KLP11/KLP20 protein combines two kinetic traits: an autoregulated but unprocessive KLP11 subunit and an unregulated but processive KLP20 subunit that come together to yield an autoregulated and processive motor protein. We suggest that it is the ability to act as a regulator that makes KLP11 indispensable. Swapping the relative positions of the motor domains abolishes this autoregulation as shown by the processive and unregulated double-chimera KLP20∕11 sw in single molecule as well as bulk assays (Figs. 3A and 5 ). In fact, only the wild-type configuration KLP11/KLP20 yields a motor that is both processive and autoregulated (Fig. S9B) . In building sensory cilia, the heterodimeric KLP11/KLP20 kinesin works in concert with the homodimeric Osm3 kinesin to generate and maintain the ciliary axoneme (11) . Osm3 is a processive motor that also has a regulatory switch in its tail domain that presumably unfolds the tail and renders Osm3 constitutively active (20) . However, transforming C. elegans with the constitutively active form of Osm3 displays a phenotype that is indistinguishable from the Osm3-null mutant (11) . An active but deregulated Osm3 motor seems unable to perform its in vivo tasks. It is plausible that the same regulatory mechanism is crucial also for the in vivo function of the KLP11/ KLP20 heterodimer.
Although the list of mechanistically scrutinized kinesin-2 motors is not extensive, this family already proved to be kinetically diverse with the sea urchin kinesin-2 being unprocessive and mouse kinesin-2 being processive (18, 19) . The heterodimeric KLP11/KLP20 motor from C. elegans adds yet another nuance to the color spectra of the kinesin-2 family by combining a processive head with an unprocessive one to walk processively. It will be interesting to see if and which of the results presented here with the KLP11/KLP20 motor will be applicable to the ciliary kinesin-2 motors from other organisms.
Methods
All constructs were expressed using the Baculovirus expression system with a C-terminal Flag tag to facilitate protein purification. Microtubule-activated ATPase assays were preformed in the N-(2-Acetamido)-2-aminoethanesulfonic acid reaction buffer using a BioTek plate reader. All optical trapping and multiple-motor gliding experiments were performed in the standard BRB80 buffer with some modifications. Trapping experiments and motility assays were performed with a custom-built optical tweezers setup equipped with fluorescence microscopy (see SI Text for detailed information).
